(Received June 9, 1998) In our previous work, we have measured the neutron spallation cross sections of 12 C and 209 Bi in the 20-to 150-MeV energy range. Here in this succeeding study, the neutron activation cross sections on spallation reactions for 59 Co and natcu have been measured in the quasi-monoenergetic p- 7 Li neutron fields in the 40-to 120-MeV energy range which have been established at two cyclotron facilities of Takasaki Research Establishment of Japan Atomic Energy Research Institute (TIARA) and the Institute of Physical and Chemical Research (RIKEN). The neutron spectrum has been measured with the TOF (Time of Flight) method using an organic liquid scintillator, and the absolute value of peak neutron fluence has been determined from the proton recoil counter telescope at TIARA and the activation method of lithium target at RIKEN. In this study, the following seventeen neutron activation cross section data are reported which produce 56 Mn, 54 Mn, 52 :tvin, 58 Co, 57 Co, 56 Co, 55 Co, 59 Fe from 59 Co reactions and 56 :tvin, 59 Fe, 6°C o, 58 Co, 57 Co, 56 Co, 64 Cu, 61 Cu, 6°C u from natcu reactions. Our experimental results were compared with other experimental data and the calculated results by Odano and Iwasaki using the SINCROS-II code for 59 Co reactions and by Fukahori using the ALICE-F code for natcu reactions.
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I. Intord uction
The high-energy and high-intensity accelerators have increasingly been used for nuclear physics, solid state physics, radiotherapy, material damage study and so on. 
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This increases the demand for neutron cross sections in the high energy region. Safety design consideration for the accelerator facilities requires activation and spallation cross sections for high-energy neutrons to estimate the radioactivities induced in the accelerator components and in the shielding materials. Nevertheless, neutron cross section data in the energy range above 20 MeV scarcely exist mainly due to a very limited number of facilities having intense monoenergetic neutron fields at these energies. An evaluated high-energy data file officially distributed is the ENDF /B-VI< 1 ) high-energy file for only 12 C, 56 Fe, 208 Pb and 209 Bi. We have recently developed quasi-monoenergetic neutron fields using the In our preceding study< 7 Co(n, 5n) 55 Co reactions were measured in the 40-to 90-MeV energy region. These reactions can be used for high energy neutron spectrometry, together with 12 C(n, 2n) 11 C and 209 Bi(n, xn) reactions.
The copper is widely used as a magnet material and its radioactivity induced by neutrons is essentially important for external exposure of radiation workers during maintenance and for waste disposal on decommissioning. The copper is also used for high energy neutron spectrometerC 8 l( 9 ). But no experimental data of neutron cross sections have ever been published, and the calculated cross sections based on semi-empirical analytical formula by Rudstum< 10 l have hitherto been used.
II. Experiment
The irradiation experiments on 59 Co and natcu were performed in the quasi-monoenergetic neutron fields produced by the 7 Li(p, n) reaction, which have been established by two accelerators of the AVF cyclotron at TIARA for 40 to 90 Me V, and the Separate-Sector (Ring) cyclotron at RIKEN for 90 to 120 MeV. As the detailed descriptions of these p-Li neutron fields are given in Refs. ( 5) to (7), the outline of the fields is given here, together with the irradiation experiments.
In the TIARA experiments, the proton beams of 43, 48, 53, 58, 63, 68, 78 and 88MeV bombarded 99.98% 'Li-enriched targets of 3.58, 3.80, 4.30, 4.61, 5.00, 5.20, 6.00 and 6.61mm thicknesses, respectively, which were fixed on a target chamber in the accelerator room. The protons that penetrated the target with an energy loss of 2 MeV were bent down toward the beam dump by a clearing magnet, and their integrated charges were measured with a current integrator through a Faraday cup(s)(
The neutrons produced at 0° can reach the experimental E. J. KIM et al.
space through the 10.9-cm-diameter rotary shutter collimator which is installed into the 220-cm-thick concrete wall between the accelerator room and the experimental room. The irradiation experiment was performed at 400 cm behind the lithium target by placing the samples at the collimator exit. The proton beam currents during sample irradiation were a few µA.
The irradiation experiments at 90 to 120 Me V were performed at RIKEN. The Ht ion beams of 90, 100, 110 and 120 MeV /nucleon energies were injected into the 10 mm thick 99.99%
7 Li-enriched target. The protons that penetrated the target with energy losses of 3.4 to 2.8MeV were transported to the beam stopper by a dipole bending magnet. The neutrons produced at 0° were extracted through an iron-concrete collimator of 22 cm x 22 cm aperture and 120 cm length. The samples for irradiation were set at the exit of the collimator, which was 837 cm distant from the 7 Li target. As seen in Table 1 , we then used much larger irradiation samples at RIKEN than those at TIARA, because the sample position from the target at RIKEN was about two times longer than that at TIARA and the protons used for irradiation at RIKEN were weak beams of about a few hundred nA.
The neutron spectra were measured with the TOF method using a 127-mm-diam. x 127-mm-long BC501A liquid scintillator at TIARA( 5 ) and RIKEN< 6 ). The measured neutron spectra for 43, 48, 53, 58, 63, 68, 78 and 88 Me V proton incidences at TIARA are shown in Fig. 1 , and those for 90, 100, 110 and 120MeV proton incidences at RIKEN are presented in Fig. 2 .
In the TIARA field, the absolute fluence of source neutrons in the monoenergetic peak per proton beam charge (micro Coulomb) was obtained from a proton recoil counter telescope (PRT) measurementC 11 l. In the RIKEN field, the absolute value of peak neutron flucnce was obtained through the measurement of the 477.6-keV 'Y rays from 7 Be (T 1 ; 2 =53.29d) produced by the 7 Li(p, n 0 + 1 ) 7 Be(0.0+0.429MeV) reaction< 3 )( 7 ), The peak neutron fluence per proton beam charge (Coulomb) at the distance of r cm from the target in the forward direction, 0=0, is determined as follows; where N(7Be) is the number of Both of the samples at TIARA and RIKEN were irradialed for either a shorter irradiation time (1 to 2 h) or a longer irradiation time ( about 20 h) with considering the half lives of produced nuclei. The proton beam current during irradiation was recorded by the digital current integrator, connected to a multi-channel scaler (:MCS) with a dwelling time of 60 s to monitor fluctuations of the neutron fluence. In the RIKEN experiment, fresh Li targets were used for each proton energy, and in each irradiation experiment we determined the absolute neutron ftuence during the irradiation time at RIKEN by means of the measurement of 7 Be production in the target. However, we had to use the same target for each proton energy at TIARA because the target chamber was fixed in the "hot" area in the accelerator room. \Ve then determined the absolute neutron fluence during irradiation from the monitor counts of 238 U and 232 Th fission chambers placed near the lithium target, which have already been calibrated by the peak neutron counts of PRT(
).
After the irradiation, the 'Y rays emitted by the irradiated samples were measured with a high purity(HP) Ge detector by coupling with a 4096 multichannel analyzer (MCA). These samples were counted several times to identify the half-lives of the activities produced.
III. Analysis
Reaction Rate
Gamma-ray spectra were measured by the HP-Ge detector and their photo-peak areas were obtained with the computer program for the automatic analysis of "(-ray spectrum by Komura et a/. ( 13 ) or the direct counting of eye-fitting peak area only for very weak photo-peaks.
The reaction rates of radioisotopes identified from the ~1-ray spectra and the decay curves were estimated af- 6oco, ssco, s1 co, s6co, 64Cu, 61cu, 6ocu in natcu samples were obtained from Ref. (14) . The peak efficiency of the HP-Ge detector was determined by using the standard mixed ')'-ray source and the correction factor for self absorption of gamma rays in the samples were calculated by the Monte Carlo code; PEAK ( 15 ) for the TIARA experiments. For the RIKEN experiments, the peak efficiencies of the HP-Ge detector including the self-absorption of the irradiated samples were calculated simultaneously by the electron-photon cascade Monte Carlo code, EGS4C 15 l. Fluctuation of the neutron flux during the irradiation was treated by using the proton beam current data recorded by the MCS.
Cross Section
The reaction rate R is connected to neutron cross section a(E) as follows,
}E,h
where cp(E) 1s the neutron fluence (n·cm-
·
Mev-1 -c-1 ), Eth the threshold energy and Emax the maximum energy of the monoenergetic peak neutrons. The p-Li quasi-monoenergetic neutron fields used in this study has a dominant monoenergetic peak and the lower energy continuum, as seen in Figs. 1 and 2. As a result, the cross section at the effective energy of peak neutrons a(Ecff) can be obtained, after correcting the contribution of low-energy tail neutrons to the obtained reaction rate:
The <I>(Epeak) is the peak neutron fluence per proton beam charge (Coulomb) given by Eq. (1). The f value is the ratio of peak reaction rate from Emin (minimum energy of the mono energy peak) to Emax to total reaction rate from Eth to Emax, and stands for the peak-to-total ratio of reaction rate, which is expressed as 
The f value is at first estimated from the lowest peak neutron energy by using the measured neutron fluence In this way, the cross section values of a( Eeff) are obtained one by one towards the higher peak neutron energy. ·when calculated results were not available, we used our experimental data obtained in the lower energy region assuming f=l.0, because in the lower energy region, the contribution of the low-energy neutron tail to the total reaction rate was considered to be very low. This approximation gives an overestimation of a(Eeff) and we repeated the !-value calculation using Eq. ( 4) and thus obtained a(Eeff} from Eq. (3). This iterative calculations were repeated until the f values were converged.
Error Estimate
The estimated error components and their values in cross-section estimation are listed in Table 4 . The statistical errors of the ')'-ray peak counts of irradiated samples were between 0.4 to 43%. The error of the peak detection efficiencies of the HP-Ge detector was estimated to be 4%.
The errors of peak neutron fluences given by Eq. (1) were between JOURNAL OF NUCLEAR SCIEKCE AND TECHNOLOGY 12 and 15% due to the estimated error of the Yalue
) and the error of the measured amounts of produced 7 Be (between 2 and 5%). The error of peak neutron fluence measured by PRT was 3.4 to 6.2%.
The error of the f value which was used for the correction of the contribution to the reaction rate due to the low-energy neutron tail, was estimated to be 5 to 92% at maximum by combining the neutron fluence error of 2 to 17% (see Refs. ( 4 )- (7)) with the cross-section error between 1 and 90% according to the variations observed for the published data. In the energy region where no experimental and calculated results exist, we neglected the error off value for simplicity.
IV. Results and Discussion
In this study, we obtained the seventeen neutron activation cross section data of 59 Table 6 . The FWHM (Full \Vidth at Half Maximum) of peak neutron energy and the cross section errors estimated from Table 4 arc shown in these figures as error bars.
We repeated the irradiation experiment of 59 Co and natcu for 55-MeV peak neutron energy and confirmed the reproducibility of the measured cross section values within 15% difference at maximum, as seen in Table 6 . The individual results and discussions for each reaction are described as follows. (1) 59 Co(n, 2n2p) 56 Mn Figure 3 shows the cross section data obtained in the 45-to 75-MeV energy region, together with other experimental data below 20 Me V (Refs. (23)~(25) ). There can be seen in Fig. 3 a big (17) • Present data-TIARA 59 Co(n, 5n) 55 Co reaction cross section (6) 59 Co(n, 4n) 56 Co Figure 8 shows the cross section data of the 59 Co(n, 4n) 56 Co reaction (threshold energy of 30.92 MeV) with single experimental data by Uno et aZ.C 3 ) for 38 MeV neutrons. The cross section value is about 10 mb at 38 Me V and increases up to about 20 mb between 45 to 50 Me V then reaches again a constant value of7.5 mb between 55 to 75 MeV. The calculationC 17 l gives larger values than the experimental values. Our results are the unique experimental data.
Natural Cobalt Activation Cross Section Data
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59 Co(n, 5n)55Co The present cross section 59 Co(n, 5n) 55 Co which has the 41.18MeV are shown in Fig. 9 . data obtained for threshold energy of This is the first experimental data and we expect to have theoretical eval-JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY uation. (8) 59 Co(n, p) 59 Fe The 59 Co(n, p) 59 Fe cross section data are plotted in Fig. 10 , together with the experimental data at around 15 MeV by Hasan et al. ( 28 ) for comparison. There can be seen a wide energy gap between Hasan et al. and our present data, but these two data give similar values of 50mb at 15MeV and 65 to 40mb for 45 to 75MeV. When we estimated the 59 Co(n, p) 59 Fe reaction cross section data, the f value was obtained by using our experimental cross section data neglecting the variation of the cross section below 45 MeV.
Natural Copper Activation Cross Section Data
The natural copper consists of two stable isotopes of 63 Cu (69.1% abundance) and 65 Cu (30.1% abundance). Therefore the neutron activation cross sections of natural copper have, in principle, two peaks due to two different reaction threshold energies and different absolute values. For natcu(n, sp) reactions, there exist no other experimental data, except natcu(n, 2n)
64 Cu reaction. The f value of the each neutron activation cross section for natcu was obtained by using the calculated results by Fukahori which are given over a whole energy range< 20 l( 21 ), even though there was a big discrepancy between calculation and measurement.
(1) natcu(n, Xn4p) 56 Mn
The natcu(n, Xn4p) 56 Mn cross section data from various nuclear reactions are plotted in Fig. 11 , together with the calculated results< 21 ) for comparison. As seen in Fig. 11 , the cross sections obtained for neutron energies of 55-to 75-MeV and 86-to 117-MeV at TIARA and RIKEN, respectively, have a similar shape to the calculated cross section curve, but have lower values than the calculated values. The present data above 86 Me V has a constant value of about 6 mb. (2) natcu( n, X n3p ) 59 Fe Results of natcu(n, Xn3p) 59 Fe cross section from 55 to 85 Me V are shown in Fig. 12 , together with the calculationC21l. For the five succeeding reactions including this reaction, the values calculated from the Rudstum's semi-empirical formula(lo) by RouttiC 8 )( 9 ) are also shown in Figs. 12 to 16 as described before. As seen in Fig. 12 results and our data around 45 Me V are also about three times higher than the calculated results, but gradually approach to the calculated results above 55Me V ( 45% higher than the calculated results). Figure 18 shows the cross section data of natcu(n, Xn) 61 Cu which combines two reaction cross sections'. Our present cross section data obtained below 75 Me V at TIARA are in good agreement with the calculated resultsC 21 l. 6°C u cross section shown in Fig. 19 have a constant value of 4 mb independent of neutron energy. Our results greatly deviate from the calculatio11C 21 ) , differing from the results of natcu(n, Xn)6 1 Cu reaction.
V. Conclusion
The neutron activation cross sections of 59 Co(n, 2n2p) 56 Mn, 59 Co(n, 4n2p) 59 Fe, natcu(n, Xn2p) 6°C o, natcu(n, Xn2p) 58 Co, natcu(n, Xn2p) 57 Co, natcu(n, Xn2p) 56 Co, natcu(n, 2n) 64 Cu, natcu(n, Xn) 61 Cu and natcu(n, Xn)6°Cu reactions in the 40-to 120-Me V energy range were obtained by using the quasimonoenergetic neutron fields based on the 7 Li(p, n) 7 Be reaction at TIARA and RIKEN. The obtained crosssection data for all reactions are the first experimental data above 40 Me V.
Those results were compared with the other experimental data (Ref's. (23)- (30)) and the calculated results by Odano and Iwasaki( 17 ) using the SINCROS-II codeC 18 
